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ABSTRACT 

A special  intensive collection of complete flight data  for flight,s above 18,000 ft. MSL fur!lished detailed  data on 
areas of non-occurrence as well as areas of occurrence of high level turbulence  during a selected  5-day  period  in March 
1962. The  data were tabulated  by 2.5’ latitude-longitude  “squares.”  Frequency  distributions  and  probabilities 
of turbulence  occurrence mere computed  over  individual  squares,  area configurations,  flight elevations,  time of day, 
and  for  varying  values of such meteorological parameters as vertical  and  horizontal wind shear,  location  and  intensity 
of jet  stream,  wind  speed,  temperature  and  height of tropopause,  .Richardson  number, flight direction,  changes in 
air  temperature,  and  high clouds. 

The  probability of turbulence occurrence  increases fairly uniformly with changes  in the  value of the vert.ical 
wind  shear, mind speed,  and  the  Richardson  number.  The  probability of turbulence  occurrence  responds  more 
erratically  with  the  changes  in  the  values of other  parameters,  particularly  horizontal wind shear.  There  appears to  
be  no  significant  relation  between  the  probability of turbulence occurrence and  time of day, flight direction,  and 
height  and  temperature of the  tropopause.  Presence of high  clouds appears  to increase the probabilit,y of turbulence 
occurrence. 

1. INTRODUCTION 

In  many clear  air  turbulence (CAT)  studies,  only  the 
areas of turbulence  are known. It is not known  whether 
t-here was  no - turbulence  in the  other  areas  or simply 
that  there were no  flights  over other  areas at  that time. 
During  a  selected  5-day  period in  March 1962, the com- 
mercial airlines  were  asked to fill out complete  flight data 
cards (fig. 1) for  all  flights a t  18,000 ft.  MSL or  higher 
across continental  United  States.  The  pilots were asked 
to submit  the  data  cards  whether  turbulence was  encoun- 
t.ered or not.  Thus,  the  areas of non-occurrence as well 
as the  areas of occurrence of turbulence  could  be  deter- 
mined and  analyzed. It was also possible to  compute 
t,he probability of the occurrence of turbulence  under 
different meteorological  conditions. 

The  original date of the  test was from 0000 GMT March 
12 through 0000 GMT March 17, 1962. In  addition  to 
commercial flight data,  reports  from  military flight  opera- 
t,ions  were obtained  from the  National  Weather Records 
Center at Asheville and  the Air Weather Service CAT 
Forecast  Office a t  Kansas  City. However,  one of the 
major airlines  was  unable to  participate  during  the 
above period but did submit  data from 0000 GMT March 19 
through 0000 GMT March 24, 1962. These  reports were 
suEicient in  number  that when  combined with  the 
additional military  data for that period  a  second  5-day 
test period was available. I wish to  thank  the commercial 
airlines, the Air Transport Association of America, and 
Air Weather  Service for  their excellent  cooperation in 
obtaining the  data for this  study. 

2. METHOD OF ANALYSIS 

The  continental  United  States was  divided into  2.5” 
latitude  and  longitude  “squares.”  The  data  cards were 
examined  for the  intensity of turbulence  occurrences a t  
four  flight altitudes over  each  square: (1) 32,000 and 
higher,  (2) 29,000 to 31,999, (3) 26,000 to 28,999, and 
(4) below 26,000, ft. The  intensity classes were: none, 
light,  moderate,  and severe. Tabulations were made for 
6-hr.  intervals  centered  on  the  standard  synoptic times: 
0300 to 0859, 0900 to 1459, 1500 to 2059, and 2100 to 
0259 GMT. The  tabulations included the  total  number of 
flights, the  number of occurrences of the different classes 
of turbulence  for  each  flight  layer  and  time  interval  over 
each  square.  Computations were made of the  probabil- 
ities of the different  turbulence  intensities by time 
intervals,  flight  layers, over  individual  squares, or other 
area  configurations.  Since the  study was  concerned  with 
non-convective type  turbulence,  occurrences were not 
used if the  data  card  reported  the  turbulence in the 
vicinity of towering  cumuli or thunderstorms  and also 
in  squares  where  the  surface map indicated well developed 
thunderstorm  areas. 

During  the  two 5-day test periods,  some 12,389 flight 

TABLE 1.-Distribution of jlight  squares with elevation 
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squares were involved. The number of flights  varied 
considerably in locations,  elevation,  and  time of day. 
Table 1 shows the  distribution of flight squares  by 
altitude  intervals. 

The aerial  distribution of the flight  squares i s  shown  in 
figure 2. The larger  numbers  are  along the  major  air 
routes  and  near  the  major  air  terminals across the  country. 

3- RESULTS 

GENERAL 

The  actual  distribution of the turbulence  occurrences 
during  the  two 5-day  periods  is  shown in  table 2. With 
one  exception, there were some moderate or severe tur- 
bulence  occurrences in each 6-hr. period.  However, 
there were  definite  peaks  from 1500 March 14 to 0900 
March 15, from 0900 March 20 to 1500 March 21, and 
from 1500 March 22 to 0900 March 23. Outside of these 
peak  periods, both  the  percent of squares  with no tur- 

bulence and of those  with  some intensity of turbulence 
was fairly  consistent. The overall distribution of occur- 
rences by different intensity classifications i s  shown in  the 
sub-totals for each  5-day  period and  the  grand  total  at 
the  bottom.  The  distributions for  t,he  two  5-day  periods 

TABLE 2.-Calendar of turbulence occurrences 

Time and 
Date 

(QMT) 

00-09 3/12/62 
09-15 
15-21 

03-09 
2143  3/12-13 

o w 5  
15-21 

03-09 
21q3  3/13-14 

09-15 

.. .~ 

15-21 

03-09 
21q3  3/14-15 

OF15 
15-21 
2143  3/15-16 
n.ws 
06.15 
15-21 
21-03 3!16-11 

Subtotal 

o0-09 3/19/62 
09-15 
15-21 

03-09 
2 1 4 3  3/19-20 

04-15 
15-21 
2143  3/20-21 
03-09 
09-15 
15-21 
2143  3/21-22 
03-09 
09-15 
15-21 
21-03 3/22-23 
03-09 
09-15 
15-21 
21-03 3/23-24 
" 

Subtotal 

Grand Total 

occurrences 

>ow1 None Light Moderate Severe 

199 

585 
148 

614 
231 
231 
580 
6 2 i  
340 
219 
815 
608 
291 
182 
550 
5 i9  
191 
92 

374 
311 

165 

486 
130 

526 
18.5 

454 
191 

512 
260 

42 i  
l i 2  

383 
209 

420 
140 

469 
157 
ii 

308 
258 

26 
13 
80 

38 
76 

31 
95 w 
39 

1 3 i  
112 
4 i  
36 

111 

30 
99 

w 15 

21 

8 
5 

15 
11 
8 
8 

19 
20 
16 

43 
i 

102 
23 

G 
li 
8 
4 
0 
3 
2 

0 
0 
4 

0 
1 

1 
0 
0 
1 
1 

11 
11 
12 
0 
2 
3 
0 
0 
0 
0 

7,570 5.989 1.209 325 4 i  

101 

310 
44 

402 
229 
128 
405 
2 m  
225 
l i 8  
363 
403 
246 

99 

303 
255 

170 
1Oi 
2 i 2  
281 

18 
2 

64 
71  
59 
2 i  
86 
42 
5 i  
20 
85 
Gi 
66 

55 
15 

62 
26 

49 
1.5 

22 

3 

17 
6 

32 
13 

55 
17 

29 
10 
26 
2 i  
15 
14 
7 

26 
25 
26 

2 

16 
G 

0 
0 
1 
4 
3 
2 
2 
3 
0 
0 

0 
2 

3 
5 

10 
7 

4 

4 
2 

0 

4,819 3 .46  909 3 i 2  52 

2.389 9,4i5 2.118 697 99 

Percent 

lone Light  Moderate Severe 
- 

83 
88 
83 
8s 
80 
83 
84 
82 
76 
78 
69 
63 
74 
ii 
ii 
81 
82 

82 
92 

84 

13 
9 

13 
12 
16 
13 
13 
15 
19 
18 
22 
18 

20 
16 

20 
17 
16 
16 
li 

I 

4 
3 
3 
2 
4 
4 
3 
3 
5 
f 

17 
i 
3 
3 
1 
2 
0 
1 
1 

0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
2 

3 
2 

0 
0 
1 
0 
0 
0 
0 

79 16 4 1  

79 18 3 0  
82 4 
i 4  21 

14 0 
5 0  

73 18 I 8 1 
67 26 
64 21 

6 1  
13 2 

65 21 
72 16 

14 0 

io 25 
11 1 

74 11 
5 . o  

15 0 
69 23 
80 16 

7 1  
4 0  

65 27 
i 5  15 

6 2  

69 19 
7 3  

GS 21 
9 3  

fii 15 
8 3  

82 14 
15 3 

i 8  18 
2 2  
2 2  

86 8 G O  

72  19 8 1  

ii li 5 1  
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FIGURE 3.- Geographical  distribution of tshe percent,  occurrence of 
m0derat.e or severe  turbulence, for flights at all levels  combined. 

were quite  similar. The combined totals  show: 

77 percent of all flight squares  with no turbulence 
17 percent  with  light  turbulence 
5 percent  with  moderate  turbulence 
1 percent  with  severe  turbulence. 

I t  can  be seen that  there was  a 23 percent  chance of some 
degree of turbulence  and a 6 percent  chance of moderate 
or severe turbulence  over any  particular  square. 

The  distribution of the  probability of moderate or 
severe turbulence by squares  for  the  two  5-day periods 
is  shown in figure 3. The  dotted  line  is  the  dividing  line 
between above  and below  average  chance of turbulence. 

The  distribution of the probabilit,y of moderat,e or 
severe turbulence by squares  for  flights below 29,000 E t .  
is shown in figure 4. The similar  distribut,ion for flights 
at 29,000 ft.  and  above is shown  in figure 5. The average 
probability of moderate  or  severe  turbulence is 9  percent 
for flights below  29,000 ft.  and 5 percent for flights a t  
29,000 ft. or above. The  dotted  lines on the  charts  are 
the dividing lines between  above  and below avera.ge chance 
of turbulence on  each  chart.  The  areas of above  average 

FIGITRE 4.-Geographical disl.ribution of t,he prrcent occurrence of' 
moderate or severe turbulenc~ for fligl1t.s below 29,000 ft.. 

probability are  in  fairly good  agreement for the  two 
layers except for an additional area for the higher-level \qrhile there was considerable difference in the  number Of 

flights Over the aocces, which is probably associated flights during  the  different 6-hr. periods, the  percent occur- 
with mountain-wave  type  turbulence occurrences. rence of turbulence,  as  given  in  table 3 shows  no significant 

The difference in  the  probability of turbulence at  dif- variatioJ1 wit'' Of day. 
ferent flight levels i s  sh&n more-effectively in figure 6. 
The  distribution of the  number of squares  with no tur- 
bulence and  light  turbulence follows the  pattern  for t,he 
t,otal number of flights. The dist,ribution for moderate 

TABLE 3.-Diurnal variation 0.i high l c ~ l  lzLrbdence 
L 

turbulence is a bicmore weighted  for the lower  layers 
and t,here is a  decided  increase in  t,he  importance of the 
lower layers  for  the severe occurrences. It is dimcult, 
t o  determine whether  this is real or simply  due  to  the  fact 
that more of these  occurrences may  have been during 
landing or take-off  flight  patterns. 

Time (GJIT) 

____ 
n3004)900 
oyon-15on 
1sm-21on 
z ~ n o - o m  

Turhulence 01 Ifoderate  or 
any intrnsity wvere  turhu- 

(percent) lence (percent) 

6 
8 

22 
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HEIGHT 

FIGURE 6.-Distribution of percent occurrence of turbulence  with 
height. 

One of the  most  intense periods of turbulence was during 
the 6-hr.  period  from 2100 GMT March 14 through 0300 GMT 

March 15. In  figure 7, the  numbers  in  each  square 
indicate  the total number of flights and  the  combined 
number of moderat,e or severe turbulence occurrences. 
Typical  squares  in  the  more  intense  turbulence region are 
14 occurrences out of 27 flights, 12 out of 30, 15 out, of 31, 
19 out' of 33, and 16 out of 30 flights. It is interesting  to 
note  that  with  any reasonable number of flights,  t,he 
largest  chance of moderate or severe turbulence  is  not 
much  nlore than 50 percent. 

The Rbove data  indicate  the  importance of the  use of 
probability  in antilysis and forecasting of CAT. I t  is 
unlikely that  there will be areas  where  more than 50 
percent of the flight's will meet  moderate or  severe CAT. 
On the  other  hand, t.here will be  many  scattered areas with 
very few occurrences. 

FIGURE 7.-Number of flights and number of moderate or severe 
turbulence occurrences by  latitude-longitude squares for the 
period 2100 GMT March 14 through 0259 GMT March 15, 1962. 

In  forecasting  high  level turbulence, it may  be necessary 
to  limit  the forecasting to  the  more likely areas of turbu- 
lence. This will not  mean  that  all planes  flying across 
these areas  and at  these elevations will experience turbu- 
lence  or that  there will be  no  chance of turbulence  in  the 
other  areas. 

An examination of t,he peak periods of moderate or 
severe turbulence,  mentioned earlier in  the  paper, shows 
some  interesting meteorological patterns  and develop- 
ments.  The 300-inb. charts for the period 1200 GMT 

March 14 to 1200 GMT March 15 are  shown  in figure 8. 
During  this period the polar jet was  displaced to  the 
north  with  an intensification of the  wind field to  the  north 
of the  jet axis. There was an  unusually  large  number of 
moderate or severe  occurrences in  the  vicinity of and  to  the 
north of the  jet axis through  Indiana, Ohio, and  Pennsyl- 
vania.  This was evident  in figure 7. Both  the horizontal 
and  vertical  wind  shears  became  large  in  this  area.  The 
National  Meteorological  Center's  (NMC)  Maximum 
Wind  Analysis Chart for t,his  period  revealed  smoothed 
vertical  wind  shears of 8 kt. per 1000 ft. or  grea,ter. 

The  sequence of Maximum  Wind  Analysis  charts  for  the 
period 0000 GMT March 22 to 0000 GMT March 23 is shown 
in figure 9, along  with  the location of the  moderate or 
severe turbulence occurrences. The  trough  in  the  west  at 
0000 GMT March 22 moved  rapidly  eastward.  The high 
wind  speeds  ahead of the  trough  along  with  the turbulence 
occurrences  moved eastward  ahead of the  trough. A 
majority of the occurrences mere  on the  left or. cold side of 
the  jet  but  there were numerous  occurrences  on the  right 
and at  0000 GMT March 23 between  the  two  jet axes. 

SPECIFIC METEOROLOGICAL PARAMETERS 

The following section is  devoted  to  the influence of such 
meteorologicaI parameters  as  vertical  wind  shear, hori- 
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zontnl  wind shear, jet  strea.m,  wind  speed,  tropopause 
height and  temperature,  and  the  Richardson  number 
(which combines  vertical  wind shear  and  temperature 
lapse rate or stability).  The  results will be expressed  in 
the probability of moderate or severe  burbulence  with 
varying values of these  variables. 

Vertical Wind Shear.-Vert.ical wind shear  has been 
regarded as one of the  most  important  variables by  many 
research workers  including  Clem  [I],  Colson [2], and 
George [3] but  has been  minimized by Harrison [4]. The 
data were divided  into  two  layers, (1) flight  squares  above 
29,000 ft.  and (2) flight  squares below 29,000 It.  Vertical 
wind shears  were  read  and  tabulated for each square 
horn the  NMC  vertical wind shear  analysis  charts.  This 
is a  smoothed evaluation of the  vertical wind  shear  over  a 
deep layer  covering ~ O , O O O  f t .  above  and below  maximum 
mind level. However, this parameter is easily available 
for both  analysis  and  forecast  operations. 

The  squares  were classified into  those  with  vertical 
mind shears of less than 4 kt.  and those  with  vertical 

FIGI:RE &-Sequence of 300-mb. charts from 1200 GMT March 11 
through 1200 GMT March 15, 1962. 

shear  equal t,o or greater  than 4 kt.. per 1000 ft. Addi- 
tional classifications were made for squares  with  vertical 
wind  shears  equal  to or greater  than G and 8 kt./1000 €t,.: 
respectively. The chance of moderat,e  or  severe  turbu- 
lence was colnput,ed in  each of these classifications. 

The  results, as shown in figure 10, indicate  an 11 percent 
chance of moderate or severe turbulence  with  vertical 
wind  shears  equal  to or greater  than 4 kt./1000 f t .  as 
compared to  only 3 percent  chance wit.h vertical  wind 
shears of less than 4 kt./1000 ft.  The chance of moderate 
or  severe  turbulence increased to 19 and 34 percent, re- 
spectively 1vit.h  vert.ica1 wind shears of G or 8 kt./1000  It. 
or more. 

This  stea.dy  increase  in  the  probability of moderate or 
severe turbulence was also present  in  the  flight  squares 
both  above  and below 29,000 ft. The  largest  probability 
was 46 percent for flight  squares below 29,000 Et. with 
vertical  wind  shear of 8 kt./1000 It. or more. This  steady 
increase in  the  probability of moderate or severe turbulence 
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with  increasing  vertical  wind  shear  indicates that vertical 
wind shear  should  be  a  very  useful  forecasting  tool. 

Since many workers  (e.g.,  George 131) have been  using 
t.he  more  detailed  vertical  wind  shears  from the original 
teletypewriter data, it  is  useful to examine the  question 
of vertical  wind  shear in nore detail. The  data in table 4 
summarize the  relation between the  smoothed  vertical 
wind shears  and  the more  detailed  vertical wind shears. 
The numbers  give the percent of the  detailed  vertical 
wind  shears  equal t.0 or  grenter than 10 and 15 kt./1000 

TARLE f.-Coomparison, of detailed  vertical  wind  shears  with NMC 
smoothed vertical wind  shears 

I 

i 

FIGURE 9.-Sequenc,e of NMC Maximum Wind  Analysis charts 
from 0000 GMT March 22 t o  0000 GMT March 23, 1962. Also 
s h o ~ n  are  occurrences of moderatme or severe  turbulence. 

ft. when the smoothed  shears  are 4, 6, and 8 kt./1000 ft. 
or  more  respectively.  These  results  indicate that  larger 
vertical  wind  shears  are  increasingly  likely  as  the NMC 
smoothed  vertical  wind  shears  increase from 4 to 6 and 8 
kt./1000 ft.  or more. 

Figure 11 shows the  distribution of the  mean  vertical 
wind  shears  taken  from the original teletypewriter  data 
at  the individual  rawinsonde stations  during  the  two  test 
periods. The numbers  indicate  the  percent of time  that 
the detailed  vert,ical wind shears were 6-9, 10-14, and 15 
kt./lOOO ft. or  more a t  each station.  The superimposed 
line  shows the separation  between  above  and below 
average  probability of moderat,e or severe  turbulence 
occurrences. The areas of above  average  chance of 
moderate or  severe  turbulence  occurrences  agree well 

With NhfC smoothod \'crtiral shears ol: with the areas of greater  percent of the  larger  vertical 

Mountains.  This would be  expected  since  extremely 
1 6  lskt.jlooo ft. wind  shears  except  possibly  €or an  area over the Rocky 

Chnnre of detailed vrrtical shears of: r T  (percent) large  vertical  wind  shears  are not so essential in  the 
>IO kt.11000 It __""___""__"___"" 44 61 
>15""""."""""""""~""" - 13 24 mountain wave  mechanism  (Colson [ 5 ] ) .  20 

Hom'zonta.l JI'i72.d Shear.-The horizontal  wind  shear 
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18.000-28.999 feet  Comblned level8 - 5 0 1  I 
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( K n o t s  per I000 feet) 

FIGURE  10."I>istribution of percent occurrence of turbulence  with 
vertical mind shear (from NMC smoothed  charts). 

FIGURE  11,"nistribution of det,ailed vertical wind shear.  Shading 
shows areas of above  average  probability of occurre~lce of 
moderate or severe turbulence. 

data for each square were obtained  from  the  spacing of 
the isotachs on the  analyzed NMC 300-mb. charts.  The 
probability of moderate or severe  turbulence  was  computed 
for horizontal shear classes (in kt./100  mi.) of (1) less 
than 10, (2) 15 to 25, (3) 30 to 50, (4) 55 to 95, and ( 5 )  
100 or more. The result,s, as shown  in figure 12, indicate 
that  the  chance of moderate or severe  hurbulence  does 
not  show any  uniform or significant increase  with increas- 
ing horizontal wind shear  until  shears of 100 kt./100 mi. 
are equalled. 

J e t  Stream.-The flight  squares were  checked for the 
vesence or absence of a jet  stream  as  indicated on the 
XMC analyzed 300-mb. charts.  The  probability of 
Occurrences of moderate or severe  turbulence was  de- 
termined for  squares  with  and  without a jet axis over t.he 
square. The  results for flights above  and below 29,000 

40T 
29,000 f e e t  

79 

.... 

20- 

FIGURE 12.-Distribution of pcrccnt occurreuce of turbulence wit.11 
horizontal mind shcar at 300 mb. 

FLIGHTS at 29,WO lest MSL  FLIGHTS 18,000 t o  
and OVER 

ALL  FLIGHT  LEVELS 
28.999 leet MSL 

q 
L 20 I 20. 

FIGI-RE 13.-Associatiou of the  perceut occurrcncc of turbulence 
with presence. of jet stream a t  300 mh. 

ft.  and for all levels are sunlmnrized in figure 13. The 
presence of the  jet  stream does increase the  chance of 
moderate or severe t,urbulence but, the  probabilitp does 
not  appear  as  high as might be expected in light of the 
g e n t  emphasis which has been placed on t,his paramet,er. 
From an  inspection of t.he, individual 300-mb. charts  it 
appears  that t,here are  many  segnlents of the  jet axis 
without, any turbulence occurrences. Even  though  the 
level of the  jet  asis was  fairly  high  during  the  test periods, 
t,he presence of t,he jet  stream seems to be more effective 
for turbulence in the lower  layers. 

When the occurrence data were restricted to t,he squares 
within the 150-kt. isot,ach along the  jet  stream on t-he 
300-mb. chart, t,he probability of moderate or severe 
turbulence increased t,o  16 percent for the  upper  layer, 
26 percent for t,he lower layer, and 20 percent for flights 
a t  all levels. 

TVTFnd Speed.-The  wind speed  was determined for each 
flight square  from  the YMC analyzed  300-mb.  charts. 
The  results, given  in table 5 ,  indicate  an  increase  in  the 
probability of moderate or severe  turbulence,  with  in- 
creasing wind speeds, a t  least  above 50 kt. However, 
the  percent of occurrences is not  as high and  as conclusive 
as might  have been  expected. 
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TABLE 5.--Effect of zvind speed 

Wncl s w d  mt.) Fllght squares Flight squares  Fllght  squares 
above 29,000 ft. I below 29,000 I t .  at all levels 

(percent) 
3 
3 

I5  
8 

26 

(percent) 
2 
2 
5 

20 
8 

Tropopause.-The data for the  height  and  temperat.ure 
of the  tropopause were taken  from  the  teletypewriter 
reports  from each  rawinsonde  station  and  interpolated 
for  the  other  flight  squares.  The  turbulence occurrences 
were for the 6-hr. periods centered  on  the  synoptic  times, 
0900 to 1500 and 2100 to 0300 GMT and  the changes in 
the  tropopause  height  and  temperature were for t,he 12 
hours up t,o these particular  synoptic times, 1200 and 0000 
GMT. The  result2s, shown in table  6,  are  not, conclusive. 
Thcre  appears  to be a  slightly  greater  chance of moderat,e 
or severe turbulence when t,he tropopause is rising  and 
bcconhg colder but  this difference does not  appear  to 
be  significant. 

The heights of the  tropopause were read  and  tabulated 
for  each  square.  These  heights were  divided into 5 
classes: ( I )  below  25,000,  (2)  25,000 to 30,000, (3) 30,000 
to 35,000, (4) 35,000 to 40,000, and (5) above 40,000 ft. 
The turbulence occu~~ences were  limited  to those in  the 
6-hr. period centered  about  the  synoptic  times: 0900 to 
1500 and 2100 to 0300 GMT. The  results, shown  in table 7, 
again  are  not conclusive except that  there  is  a  slight  but 
irregular  trend  for  great,er  probability of n1oderat.e or 
severe  turbulence  with  increasing height, of t,he tropopause. 
This does not  appear  to be a useful parameter  in 
forecasting  t,urbulence. 

Richardson Number.-The Richardson  number  has  been 
one of the  more  controversial  paranleters  in  the study of 
high-lcvel turbulence.  This  number conlbines vertical 
wind shear  and  the  temperature  lapse  rate  or  stability. 
Some  workers,  including Brundige [6], Mook [7], Lake [8],  
and  Reiter 191 have founcl a poor correlation but  others, 
including  Anderson [lo], Pinus [ll], and  Iboll  and  Rusten- 
beck [12], have  found  some correlat,ion. One  basic diffi- 
culty  is  the  deterlnination of the  exact  value of the 
Richt~rdson  number  at  the  location, level, and  time of the 
reported  turbulence  with  the  present  upper-air  network 
of stntions 100-200 mi. apart with  observat,ions  every  6 
or 12 hr. 

The Richardson  numbers  were  computed  for the layers: 

TABLE 6.-1.2-hr. ch.anges in height and temperature of tropopmtse 
I 

Higher nnd colder . . . . . . . . . . . . . . . . . . . .  8.3 
Lover and warmer _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5.2 Highor nnd  warmer _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  3. i 

(percent) (percent) 
Lower and colder . . . . . . . . . . . . . . . . . . . .  5. 0 

TABLE '?.--Effect of height of tropopause 

Tropopause  height (ft.) 

Below Abo e 35,000- 30,000- 25,ooO- 
25,000 4 0 , ~ ~  40,000  35,000  30,000 - "" " 

Percent 

;; 6 7 3 0 Flight squares at all  levels __._______---_--_-- 
lo" 13 5 0 Flight squares  below 29,OOO It ..______.-____-- 

4 2 0 Flight squares  above 29,OOO It ___.____--____-- 
Perpnf Percent Percent Percent 

500-400, 400-300,  300-250,  250-200 mb.  The malii~nunl 
vertical  wind  shear mas determined  from  the teletype- 
writer  data  for each layer along with  the  temperature 
lapse  rate  at each  rawinsonde  station.  The  two  Richard- 
son numbers  in each of the two  larger  layers, 500400-300 
and 300-250-200 mb. were classified as follows: (1) both 
values  below 1, (2) one  value below 1, (3)  both values 
between 1 and 4, (4) one  value between 1 and 4, and (5) 
both  values  above 4. These class values  were  plotted on R 

map at the proper  locations.  The  values of the  Richard- 
son  number class interval  for  the  intermediate squares 
were interpolated.  The  turbulence occurrences were 
limited  to the 6-hr. periods centered  on  the  synoptic 
times: 0900 to 1500 and 2100 to 0300 GMT. 

The  results (fig. 14)  indicate  the  best  correlation for 
flight squares below  29,000 ft. and  the  Richardson  number 
chssification  in the 500400-300-mb.  layer. The proba,- 
bility of moderate  or  severe  turbulence decreases with an 
increase  in  the  Richardson  number classification. The 
probability of moderate or severe  turbulence is about 5 
times  greater  for  squares  with a t  least  one  Richardson 
number (500-400-300 mb.) less than 1 than  for  squares 
with  both  Richardson  numbers  over 4. 

There  appears  to be sonle relation  between  the  tur- 
bulence  occurrences  for  flight data below  29,000 ft. and 
the  Richardson  number classification in the  upper  layer 
(300-250-200 mb.) but this  relationship is not as con- 
sistent as t,hat shown  in the  previous  paragraph. The 
turbulence occurrences  for  flight data above  29,000 ft. 
do  not. fit with  any  regular progression of the  Richardson 
number classification in  either  layer.  However,  there is 
a  greater  chance of moderate  or  severe  turbulence with 
one  Richardson  number less than 1 than  for  both  numbers 
over 4. 

Flight Direction.-There have been nmny suggestions 
about  the possible effect of flight direction  on the oc- 
currence of turbulence. The original  ilight  cards furnished 
an excellent source of data.  The  reports of the different 
intensities of turbulence occurrences mere tabulated for 
each predominant  flight  direction:  north,  south,  east, or 
west  (table 8). 

During  this  test  period,  the  general flow and  the 
orientation of the  jet  streams were predominantly  west  to 
east.  While  the combined north  and  south  bound  flights 
indicated a slightly lower  chance of turbulence  than  the 
combined east  and  west  bound Bights, the differences 
certhinly  do not  appear  to  be significant. 
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RICHARDSON  NUMBERS 
(300-250 mb , - 250- 200 m b .  levels) 

Flight levels 

301 
18,000-28.999 feet 

I 219% I 

* Richardson Numbers 

RICHARDSON  NUMBERS 
(500-400 +ab.. - 400-300 mb. levels) 

F l igh t  levels 
29,000 feet and Above 18000-28,999 feet 

a 

* Richardson Numbers 
*Richardson Numbers 

1 Both  Ri numbers less than 1. 

3 Both  R i  numbers between 1 and 4. 
2 One R i  number less than 1. 

5. Both  R i  numbers above 4.  
4. One R i  numbe,r,between 1 and 4. 

FIGURE 14.-Distribution of the  percent  occurrence of turbulence 
with  Richardson  numbers. 

Temperature and clouds.-An examination of the  flight 
cards furnished  some information  about effect of temper- 
at,ure and clouds. Some 84 cards  contained 93 specific 
comments about  the air temperature  and  the  turbulence 
occurrence. Some  reports were very explicit such as 
[[t<emperature drop from " 4 5 O  to -55O C. on first bump". 
Another stated  "temperature - 4 6 O  C. before turbulence 

TABLE 8.-E$ect of .flight dfrrection 

Flight direction 1 Total 1 flights 
any intensity turbulence 

1 1 Total I Percent 1 Total 
"" 

316 
329 
103 
89 

645 
192 

io. 9 
72.3 

67.8 
71. S 
71. G 
69.6 

~ 93 
98 

25 
26 

191 
51 

I 
Percent 

21.3 
21.1 

20.2 
17.1 
21.2 
18.5 

"41' C. during  turbulence, and -46O C. after  turbu- 
lence." Others were quite vague including  one remark 

slight temperature rise." One pilot stut.ed that, 11r en- 
count,ered no  turbulence  but. not.ed an  abrupt. 12O C. drop 
in  an  area  in which turbulence had been forecast.. 

Of the 93 cornments on temperature change, 37 (or 40 
percent.) reported a temperature rise, 49 (or 53 percent), 
reported a. t,empersture  fall, nnd 7 (or 7 percent) indicat.ed 
no  t,emperntwe change. The average temperature  change 
was 4 . 4 O  C. for light, turbulence  and 5 . 4 O  C. for  modernte 
or severe turbulence. 

The  fact  that. t,here were onl!- 84 cards with  comment.^ 
on t,emperature does not, mean that, only 10 percent, of 
the flig11t.s encountered a change in t.emperature.  The 
changes mere  oft,en quit,e sudden-one report.  mentioned 
a rise of 7O C. in 2 min.,  and in mnny cases the temperu- 
t.ure ret.urned to normal aft,er the  turbulence  cemrd. A 
pilot,, not  anticipating a tempernture change,  might welt 
have failed t.0 notice the chnnge. It is possible t,hnt 
t.empern,ture changes  such as t,hese might  prove to be 
suffic.ient to provide some warning of individual  turbulence 
pat,ches. 

The pilots were not inst,ructed specificnlly to  note  the 
cloud t . p e  other  than to n0t.e whether  they were in  the 
vicinity of towering cun~uli or thunderstorn~s when the37 
encountered turbulence.  However,  there were n few cards. 
with some remarks on clouds. Several repork mentioned 
strat.iform clouds but  these were a,t  such a low level t.hat 
it is  doubtful wllet,her t,hey could be related  to  the  turbu-- 
lence. Two reporb, one  over the  southern Rockies and 
one  over the sout,hern  Appalachians, noted  lenticular 
clouds, suggesting mountain  wave  act'ivity.  Cirrifor~n 
clouds, generally a t  or near flight level, were mentioned 
a few times  in  connection wit,h reported  turbulence,  but 
there were not enough reports  to  indicat,e any definite 
relationship. It may be possible t,hnt some cirrus clouds. 
may provide n valuable visua,l warning of so~ne turbulent 
patches. 

However, i t  was possible to  obtain some ndditiond 
indications from the sky cover reported 011 the  flight cards. 
The pilots were asked to  indicate  whether i t  w n s  clenr, 
scattered,  broken, or overcast  above,  nt, nnd below flight. 
level. There  are  no  indications of the cloud type,  but, it 
call probably  be assumed that  the clouds  above nnd at. 
flight level were predominnntly of t.he cirrus type. It 
was not possible to  make  much use of the cloud data below 
flight level since  these might  be  just below or a t  a great 

C L  

TABLE 9.--Sky condition 

Clear at all Clouds at flight Clouds above Clear a t  flight 
levels 

Turbulence 
level level flight level 

Total Percent Percent Total Percent Total Percent Total 
"""" 
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distance below in which case the clouds could be of middle 
,or lower crLtegories. Many cnrds could not be used since 
i t  could not be tleterminect whether i t  was actually clear 
L L t  all levels or the  pilot did not,  fill out  the cloud data. 
From  the  vditl c ~ ~ r d s ,  lt11 entry  ww nlade each time  an 
,occurrenc~ or non-occurrence wtts nlade  on  the  card.  The 
results, which are sununarized  in table 9, indicate  that 
therc is 1~11 incretlsing probability of turbulence when 
clouds were prescnt  above  the  flight level rtnd an even 
gretbter  ctltulce  wit.h clouds present t L t  flight, level. This 
supports  thc view thnt high-level turbulence  is associat,ed 
wit11 t,hc presence of cirros clouds. At  the same time, 
tllesc: result,s  indicate t l l l l t  turbulence was also present 
.on hrgc nurnbcr of occtlsions with 110 clouds present a t  
flight lavd or wen wit.11 no clouds nt any level. The 
number  is  probtth1~-  much grcvkt,er thnn indicllted since 
rnany of the tlisctwletl c ~ ~ r d s  J I U L ~  well have actut1ll-y 1 1 ~ 1  
110 cloutls. 

4. SUMMARY 

‘l‘llis study points out the  in~portctncc of the use of 
probthility in tile turdysis and forecnst of high-level 
turbulewe. Tlle results inrlicnte tllut vertical wind 
shear is one of the Inost effective parttnleters.  Other 
uscful parc~n~cters include t.tle presence of the jet. stream, 
wind speed, t ~ n d  Richardson  number. However, this 
.study suggests t,llltt no one meteorologicd  parnnleter will 
be sufficient in the  understnnding and forecust,ing of 
high-Irvel t.urbulencc over  the  entire  country. It is  felt 
t h t  til1 pnrtunetrrs must. be considered to  more complet,ely 
untlersttmd tlnd forecast high-level turbulence. 

Appnrent,ly  more t,htLn one  mechanism  is effective in 
the production of the srnull-scale turbulent eddies in 
different meteorologicttl or synoptic  patterns. It :Lppears 
that  the turbulence rlssocitrted with a strong  jet staretun 
.circultlt.ion should  be trentecl diff erently from t,h:tt occur- 
ring over nlnjor  mountain  barriers and from those  occur- 
rences associated with mcljor trouglls. It ~ n t t y  well be 
tllut. the turbulenc,e tlssociatd with  cirrus cloud patterns 
.should be considered sepwntely.  Separate  forecwt tech- 
niques m d  criterin 1nt1y be necessnry in  t,he  different 
ptttterns. 

The results from this tlnd ot,her studies ( [ 2 ] ,  [5], [l2], 
[13], [14], nncl [15]) suggest t.he following forecast guide- 
lines: 

1. Jet  Strett~n. The addition of vertical w i n d  s h e ~ r  
t ~ n d  wind speed criteritt should prove useful in elinlinating 
somc segments dong the jet. which do not show turbulence. 

2 .  Mount.ain Wtive Associated Turbulence.  The oc- 
cwrences associated  with ~nountttin  wave  situations 
usually result from 21 nlodertttely strong flow norn~al to 
the ridge, very  little change in wind direction with  height, 

increase in wind speed with  height,  and  the presence 
of rclntively  stable  ln~-ers.  There does not  appear  to be 

the need for large  horizontal or excessively large verticni t 
Tvind shears. The Richardson  numbers  may be quit,. 
high in  these  stable Inyers. 

3. Major  Troughs. It appears that R combination 0;’ I 
a large vector  horizontal wind shear  and a low  Richardsoll i 
number 11my be  most  usefd. Vertical  motion may provtl I 
to  be an additional  important  parameter. 

4. High Pressure  Circulat8ions. It appears that th,I ’ 
turbulence occurrences  in  these circullttions will be asso- 
ciated wit11 low Richttrdson  numbers  caused by  the propel. 
conhination of vertical mind shear  and lorn stability ill 
certtlin layers. 
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